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Abstract The K- and L-tubulins present in cytoskeletons of
Tritrichomonas mobilensis are extensively glutamylated. Auto-
mated sequencing and mass spectrometry of the carboxyterminal
peptides identifies 4 glutamylation sites in K- and 2 sites in L-
tubulin. They are marked by asterisks in the terminal sequences
GDE*E*E*E*DDG (K) and EGE*E*DEEAEA (L). This is the
first report that tubulin glutamylation can occur at multiple sites.
Although T. mobilensis has four flagellae the tubulins lack
polyglycylation. Thus glycylation is not necessary for formation
or function of axonemal microtubules. K-Tubulin is completely
acetylated at lysine 40 and shows no tyrosine cycle. Peptide
sequences establish two distinct L-tubulins.
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1. Introduction
Trichomonads, a group of primitive protists in the phylum
Parabasalia [1], are interesting for two reasons. First, they
include important human parasites, and second they belong
to the earliest diverging eukaryotes known. Although not as
old as Giardia lamblia, a member of the Diplomonads, Tri-
chomonads are more ancient than the trypanosomes, which
belong to the Kinetoplastida [2,3]. All these ancient eukar-
yotes have a pronounced microtubule dominated cytoskeleton
including one (trypanosomes) or several £agella(e) which of-
fers the opportunity of analyzing for a possible co-evolution
of tubulin speci¢c posttranslational modi¢cations and the cor-
responding tubulin sequences.
Tubulin modi¢cations fall into two groups. Acetylation of
lysine 40 in some K-tubulins [4] and certain phosphorylation
sites are more general modi¢cations. All other modi¢cations
seem tubulin speci¢c and involve the carboxyterminal 12 res-
idues, usually a very acidic sequence. The terminal tyrosine of
some K-tubulins participates in a detyrosination/tyrosination
cycle based on a carboxypeptidase and the tubulin-tyrosine
ligase, which was cloned from mammalian brain [5,6]. Addi-
tional removal of the penultimate glutamyl residue leads to an
K-tubulin, which is no longer a substrate for the ligase [7]. In
line with sequence changes the tyrosine cycle is not observed
in some ciliates [8] and in Giardia [9] but is well documented
for trypanosomes [10^12]. Polyglutamylation, based on iso-
peptide bond formation by the Q-carboxylate group of a par-
ticular glutamic acid residue, was ¢rst documented for brain
K-tubulin [13] and subsequently found in the various brain L-
tubulins [14^17]. It also occurs in axonemal microtubules such
as sperm £agella of bull and sea urchin [18^21] and involves
nearly all K- and L-tubulins in the subpellicular and £agellar
microtubules of Trypanosoma brucei [12] but it is a minor
modi¢cation in Giardia microtubules [22]. It is also found as
minor modi¢cation in centriolar preparations of a green alga
[23]. Finally K- and L-tubulins of cilia and £agella can be
polyglycylated due to the formation of a side chain again
connected via an isopeptide bond to a particular glutamic
acid residue. Polyglycylation occurs in axonemal microtubules
of the cilia of Paramecium [8], the sperm £agella of sea urchin
[20,21] and bull [18,19] and the £agellated protist Giardia
[9,22]. However, polyglycylation was not detected in the £ag-
ellum of T. brucei by mass spectrometry and radioactive label-
ling experiments [12].
To try to connect the information on posttranslational
modi¢cations in the oldest eukaryotes we used sequence anal-
ysis and mass spectrometry on the carboxyterminal peptides
of tubulins from the trichomonad Tritrichomonas mobilensis.
While our results con¢rm and extend previous immunological
observations [24] we unexpectedly ¢nd that polyglutamylation
involves multiple sites.
2. Materials and methods
2.1. Cells, cytoskeletal preparations and tubulin isolation
Trichomonas mobilensis was cultivated in Diamond’s medium [25]
supplemented with 10% heat inactivated horse serum at 37‡C. Cyto-
skeletal residues of 2U109 cells were prepared as described [24], dis-
solved in SDS sample bu¡er, boiled and subjected to SDS-PAGE.
Alternatively 6 M urea was included in the gel bu¡er to separate K-
and L-tubulins. Tubulin bands stained by Coomassie brilliant blue
were excised, brie£y washed with water and kept frozen until use.
2.2. Protein chemical procedures
Tubulin present in stained gel fragments was electrophoretically
concentrated by the agarose gel concentration system and digested
with either trypsin or thermolysin [12,19,20,22]. These digests pro-
vided the carboxyterminal peptides of K-tubulin. The corresponding
fragments of L-tubulin were obtained by CNBr treatment of gel frag-
ments as described [18^20]. All peptide peaks from the HPLC pro¢les
were characterized by mass spectrometry using KRATOS MALDI
3 or 4 time of £ight mass spectrometers (Shimadzu, Duisburg, Ger-
many) as described previously. Major peptide peaks were also ana-
lyzed by automated Edman degradation using instruments with online
phenylthiohydantoin amino acid analysis.
For identi¢cation of lysine 40 of K-tubulin, gel fragments contain-
ing pure K-tubulin were subjected to in situ fragmentation by CNBr
followed by SDS-PAGE and electrophoretic blot onto a poly(vinyl-
idenedi£uoride) membrane. A fragment with an apparent Mr of 4000
was subjected to automated sequencing, which resolves the phenyl-
thiohydantoin derivatives of lysine and N-O-acetyllysine [12,22].
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3. Results
Cytoskeletal preparations of Tritrichomonas obtained by
Triton X-100 extraction in the presence of protease inhibitors
are dominated in SDS-PAGE by the tubulin band [24]. Inclu-
sion of 6 M urea in the bu¡er of the running gel resulted in
separation of K- and L-tubulin. Stained gel pieces were used to
isolate and characterize the carboxyterminal fragments of
both tubulins. All digests were ¢rst chromatographed on a
small Mono Q column to isolate the acidic carboxyterminal
fragments. The later emerging peaks were subjected to further
separation by reverse phase HPLC columns. All peak frac-
tions from the HPLC columns were monitored by mass spec-
trometry (Fig. 1) and major peaks were characterized by au-
tomated Edman degradation (Figs. 2 and 3).
The carboxyterminal sequence of Tritrichomonas K-tubulin
derived by cDNA analysis is KEDLALLEKDYDEVAAES-
VEGDE*E*E*E*DDGQQ. The carboxyterminal fragments
derived by trypsin and thermolysin cleavage were found to
start with the sequences EDLALL... and LEKDYD..., respec-
tively. They follow the predicted sequence except that at
the glutamic acid E positions which are marked by an asterisk
no phenylthiohydantoin derivative was obtained (see Fig. 2
for the thermolytic fragment). Since the sequence continued
normally for three further steps the four glutamic acid resi-
dues marked by an asterisk must carry a glutamyl side chain
as indicated by the mass spectrometric data (see Fig. 1 for the
tryptic peptide). In none of six independent Edman degrada-
tions did we ¢nd the two terminal glutamine residues pre-
dicted by the cDNA sequence. We therefore assume that
they were lost by proteolysis either in the living cells or during
the preparation of the cytoskeletal residues. The mass spec-
trometric results show that K-tubulin is extensively glutamyl-
ated with the total number of extra glutamyl residues ranging
from 2^20. The main components have 3^12 extra glutamyl
residues (Fig. 1), which by Edman degradation arise at four
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Fig. 1. Mass spectra of variants of the carboxyterminal peptides of K- and L-tubulin from Tritrichomonas mobilensis. A,B: MALDI mass spec-
tra of two fractions containing low (A) and highly glutamylated (B) variants of the K-tubulin peptide. The amino acid sequence of the peptide
generated by trypsin is shown at the top. The glutamylated species are marked as E3^E21 according to the number of extra glutamyl residues.
C,D: MALDI mass spectra of two fractions of the glutamylated variants of the carboxyterminal L-tubulin peptides generated by CNBr. The se-
quences of the peptides are shown at the top. The glutamylated species are marked as E1^E17 according to the number of extra glutamyl resi-
dues. A and V in panel D mark the two distinct L-tubulins carrying either a carboxyterminal alanine (A) or valine (V) as indicated in the two
sequences at the top. Peptides in panel C have a carboxyterminal valine (see sequence). Only four of the numerous HPLC fractions are shown.
For details see Section 3.
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distinct glutamylation sites. The non-glutamylated peptide
was present only in trace amounts and no glycinated K-tubu-
lin peptide was detected.
Characterization of the carboxyterminal peptides of L-tubu-
lin from a tryptic digest showed extensive glutamylation on a
peptide starting with the sequence SNMTDLIQEYEMYE-
TAGVDEVGEG. This sequence corresponds, with two amino
acid replacements (underlined) to the carboxyterminal tryptic
peptide from Trichomonas vaginalis [26]. To obtain a shorter
fragment, gel puri¢ed L-tubulin was treated with CNBr and
the digest processed as above. Several major peaks from the
HPLC column characterized by Edman degradation yielded
the sequence YETAGVDEVGEGE*E*DEEAE followed in
one case by A and in the other by V. This result established
the presence of at least two distinct L-tubulin isotypes in Tri-
trichomonas mobilensis in agreement with previous DNA se-
quences of Trichomonas vaginalis [26]. At the positions
marked by an asterisk, which are glutamic acid residues in
Trichomonas vaginalis, no phenylthiohydantoin derivative
was obtained in Edman degradation (Fig. 3). Since the se-
quence continued normally for 6 further steps the two gluta-
mic acid residues marked by an asterisk must carry a glutamyl
side chain as indicated by the mass spectrometric results (Fig.
1). The two isotypes ending in valine and alanine respectively
(see above) account for about 60 and 35% of the carboxyter-
minal peptides. The mass spectrometric results show that L-
tubulin is extensively glutamylated with the total number of
extra glutamyl residues ranging from 2 to about 17. The main
components have 2^9 extra glutamyl residues, which by Ed-
man degradation arise at two distinct glutamylation sites. No
peptide from non-glutamylated or glycinated L-tubulin was
detected. A minor, heavily glutamylated component, account-
ing for less than 5% of the material, lacks the last residue of
the two major species. It could only be characterized by mass
spectrometry. Two further species, which were only detected
in trace amounts, are compatible with sequences in which the
major species ending in alanine (see above) has one and two
additional alanines. The trace component ending with three
alanines ¢ts the carboxyterminal end of L-tubulin from Tri-
chomonas vaginalis [26]. The existing minor species indicate a
proteolytic trimming either in the living cell or during the
preparation of the cytoskeletons.
To quantitate the degree of acetylation of lysine 40 in K-
tubulin a CNBr digest was separated by SDS-PAGE, using a
highly resolving Tricine-SDS gel. The fragments were blotted
onto a membrane and characterized by automated sequenc-
ing. While in most K-tubulins lysine 40 lies in a large fragment
starting with proline 37, the presence of an additional methio-
nine at position 75 moved the corresponding CNBr fragment
of Tritrichomonas mobilensis to the 4000 molecular weight
range. Its sequence PSDKTIGVEDDAF gave in the fourth
step only the phenylthiohydantoin derivative of N-acetyllysine
(underlined K in the sequence). Thus the K-tubulin of stable
microtubules seems extensively acetylated at lysine 40.
4. Discussion
We have quantitated the posttranslational modi¢cations
present on the stable microtubules of Tritrichomonas mobilen-
sis, a member of the trichomonads, by protein sequence anal-
ysis and mass spectrometry and compared the results with
data on Giardia [9,22] and Trypanosoma brucei [12]. In all
these ancient eukaryotes the K-tubulin is completely acety-
lated at lysine 40. Thus tubulin acetylation seems a very old
and widespread modi¢cation, which, however, was lost in the
fungi due to the sequence changes which include lysine 40 [3].
The functional role of tubulin acetylation, if any, is unclear
since it can be genetically abolished without apparent conse-
quences in Tetrahymena [27]. Due to sequence changes the
tyrosine cycle of K-tubulin is not possible in Giardia [9], the
oldest eukaryote, and trichomonads, which are clearly older
than the trypanosomes for which the cycle is well established
[10^12]. Polyglycylation of both K- and L-tubulin, thought to
be a marker of axonemal microtubules [8], is already observed
in Giardia [9] but was lost on the branches leading to tricho-
monads (see Section 3) and trypanosomes [12]. Since these
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Fig. 2. Identi¢cation of four glutamylation sites in Tritrichomonas
K-tubulin. The sequence of the heavily glutamylated carboxyterminal
peptide obtained by thermolysin digestion is shown at the top. The
series of consecutive Edman degradations documented starts with G
at step 15 (marked by an arrowhead in the sequence). The amino
acid residue identi¢ed in each step is given in bold type. Note that
no phenylthiohydantoin derivative is found at steps 17, 18, 19 and
20 (indicated by X) which involve the four glutamic acid residues
marked by an asterisk in the sequence. In the following steps 21^23
the sequence continues normally.
Fig. 3. Identi¢cation of two glutamylation sites in Trichomonas L-tu-
bulin. The sequence of the heavily glutamylated carboxyterminal
CNBr fragment is shown at the top. The series of consecutive Ed-
man degradations documented starts with E at step 11 (marked by
an arrowhead in the sequence). The amino acid residue identi¢ed in
each step is given in bold type. Note that no phenylthiohydantoin
derivative is found at steps 13 and 14 (indicated by X), which in-
volve the two glutamic acid residues marked by an asterisk in the
sequence. In the following steps 15^20 (only 15^19 are shown) the
sequence continues normally.
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parasites have £agellae with a normal axonemal ultrastructure
polyglycylation seems not connected with formation or func-
tion of axonemes, at least in these two organisms. The pres-
ence of polyglutamylation in Giardia [22], trypanosomes [12]
and trichomonads (see Section 3) supports the notion that this
posttranslational modi¢cation is very old and very widely
spread. While it is a minor modi¢cation in Giardia the K-
and L-tubulins of the stable microtubules in both trypano-
somes and trichomonads seem completely glutamylated.
Although the detailed function of this modi¢cation still needs
to be established some results indicate that the oligoglutamyl
side chains regulate in a length dependent manner the binding
of microtubule associated proteins [28].
Polyglutamylation was always thought to involve only one
particular glutamic acid residue in the carboxyterminal se-
quences of brain K- and L-tubulin [13^18]. Our results on
Tritrichomonas are the ¢rst report on the presence of multiple
sites. Extensive Edman degradation studies and mass spec-
trometry led to the identi¢cation of 4 sites in K- and 2 sites
in L-tubulin (Figs. 2 and 3). This situation is somewhat rem-
iniscent of recent results on polyglycylation. Isolated axone-
mal microtubules from Paramecium cilia consist of K- and L-
tubulins which are completely glycylated. They carry between
1 and 34 extra glycyl units thought to re£ect single chains
extending from one site only [8]. However, in sea urchin
sperm axonemes glycylation seems restricted to L-tubules
where it involves only some 45% of the tubulins present. Ex-
tensive Edman degradation patterns established at least two
independent sites for K- and three sites for L-tubulin [20].
Interestingly a recent mass spectrometric study using collision
induced dissociation and postsource decay on a hexaglycyl-
ated Paramecium L-tubulin peptide established four glycyla-
tion sites which involve the last four glutamic acid residues
[29].
Currently we do not know whether the presence of multiple
glutamylation sites in Tritrichomonas is related to changes in
the carboxyterminal tubulin sequences. It will be interesting to
see whether multiple glutamylation sites also occur in other
tubulins. They do not seem to be present in the major K- and
L-brain tubulins [13^17] but have to be considered in cases of
extremely high glutamylation levels [23]. In any approach to
understand the possible function of tubulin glutamylation [28]
it is important to distinguish between a single polyglutamyl
sidechain and several shorter oligoglutamyl sidechains.
References
[1] Cavalier-Smith, T. (1993) Microbiol. Rev. 57, 953^994.
[2] Leipe, D.D., Gunderson, J.H., Nerad, T.A. and Sogin, M.L.
(1993) Mol. Biochem. Parasitol. 59, 41^48.
[3] Keeling, P.J. and Doolittle, W.F. (1996) Mol. Biol. Evol. 13,
1297^1305.
[4] LeDizet, M. and Piperno, G. (1987) Proc. Natl. Acad. Sci. USA
84, 5720^5724.
[5] Raybin, D. and Flavin, M. (1975) Biochem. Biophys. Res. Com-
mun. 65, 1088^1095.
[6] Ersfeld, K., Wehland, J., Plessmann, U., Dodemont, H., Gerke,
V. and Weber, K. (1993) J. Cell Biol. 120, 725^732.
[7] Paturle-LafancheØre, L., EddeŁ, B., Denoulet, P., Van Dorsselaer,
A., Mazarguil, A., Le Caer, J.-P., Wehland, J. and Job, D. (1991)
Biochemistry 30, 10523^10528.
[8] Redeker, V., Levilliers, N., Schmitter, J.-M., Le Caer, J.-P.,
Rossier, J., Adoutte, A. and BreŁ, M.-H. (1994) Science 266,
1688^1691.
[9] Weber, K., Schneider, A., Muºller, N. and Plessmann, U. (1996)
FEBS Lett. 393, 27^30.
[10] Schneider, A., Sherwin, T., Sasse, R., Russell, D.G., Gull, K. and
Seebeck, T. (1987) J. Cell Biol. 104, 431^438.
[11] Sherwin, T., Schneider, A., Sasse, R., Seebeck, T. and Gull, K.
(1987) J. Cell Biol. 104, 439^446.
[12] Schneider, A., Plessmann, U. and Weber, K. (1997) J. Cell Sci.
110, 431^437.
[13] EddeŁ, B., Rossier, J., Le Caer, J.-P., DesbruyeØres, E., Gros, F.
and Denoulet, P. (1990) Science 247, 83^84.
[14] Alexander, J.E., Hunt, D.F., Lee, M.K., Shabanowitz, J., Michel,
H., Berlin, S.C., MacDonald, T.L., Sundberg, R.J., Rebhuhn, L.
and Frankfurter, A. (1991) Proc. Natl. Acad. Sci. USA 88, 4685^
4689.
[15] Redeker, V., Melki, R., PromeŁ, D., Le Caer, J.-P. and Rossier, J.
(1992) FEBS Lett. 313, 185^192.
[16] Ruºdiger, M., Plessmann, U., Kloºppel, K.-D., Wehland, J. and
Weber, K. (1992) FEBS Lett. 308, 101^105.
[17] Mary, J., Redeker, V., Le Caer, J.-P., PromeŁ, J.-C. and Rossier,
J. (1994) FEBS Lett. 353, 89^94.
[18] Ruºdiger, M., Plessmann, U., Ruºdiger, A.-H. and Weber, K.
(1995) FEBS Lett. 364, 147^151.
[19] Plessmann, U. and Weber, K. (1997) J. Protein Chem. 16, 385^
390.
[20] Multigner, L., Pignot-Paintrand, I., Saoudi, Y., Job, D., Pless-
mann, U., Ruºdiger, M. and Weber, K. (1996) Biochemistry 33,
10862^10871.
[21] Mary, J., Redeker, V., Le Caer, J.-P., Rossier, J. and Schmitter,
J.-M. (1996) J. Biol. Chem. 271, 9928^9933.
[22] Weber, K., Schneider, A., Westermann, S., Muºller, N. and Pless-
mann, U. (1997) FEBS Lett. 419, 87^91.
[23] Geimer, S., Teltenkoºtter, A., Plessmann, U., Weber, K. and
Lechtreck, K.-F. (1996) Cell Motil. Cytoskeleton 36, 1^14.
[24] Delgado-Viscogliosi, P., Brugerolle, G. and Viscogliosi, E. (1996)
Cell Motil. Cytoskeleton 33, 288^297.
[25] Diamond, L.S. (1957) J. Parasitol. 43, 488^490.
[26] Katiyar, S.K. and Edlind, T.D. (1994) Mol. Biochem. Parasitol.
64, 33^42.
[27] Gaertig, J., Cruz, M.A., Bowen, J., Gu, L., Pennock, D.G. and
Gorovsky, M.A. (1995) J. Cell Biol. 129, 1301^1310.
[28] Boucher, D., Larcher, J.-C., Gros, F. and Denoulet, P. (1994)
Biochemistry 33, 12471^12477.
[29] Vinh, J., Loyaux, D., Redeker, V. and Rossier, J. (1997) Anal.
Chem. 69, 3979^3985.
FEBS 20408 18-6-98
A. Schneider et al./FEBS Letters 429 (1998) 399^402402
